Pantothenate kinase-associated neurodegeneration (PKAN, formerly known as Hallervorden -Spatz syndrome) is a rare but devastating neurodegenerative disorder, resulting from an inherited defect in coenzyme A biosynthesis. As pathology in the human condition is limited to the central nervous system, specifically the retina and globus pallidus, we have generated a mouse knock-out of the orthologous murine gene (Pank2 ) to enhance our understanding of the mechanisms of disease and to serve as a testing ground for therapies. Over time, the homozygous null mice manifest retinal degeneration, as evidenced by electroretinography, light microscopy and pupillometry response. Specifically, Pank2 mice show progressive photoreceptor decline, with significantly lower scotopic a-and b-wave amplitudes, decreased cell number and disruption of the outer segment and reduced pupillary constriction response when compared with those of wild-type littermates. Additionally, the homozygous male mutants are infertile due to azoospermia, a condition that was not appreciated in the human. Arrest occurs in spermiogenesis, with complete absence of elongated and mature spermatids. In contrast to the human, however, no changes were observed in the basal ganglia by MRI or by histological exam, nor were there signs of dystonia, even after following the mice for one year. Pank2 mice are 20% decreased in weight when compared with their wild-type littermates; however, dysphagia was not apparent. Immunohistochemistry shows staining consistent with localization of Pank2 to the mitochondria in both the retina and the spermatozoa.
INTRODUCTION
Coenzyme A (CoA) is a ubiquitous metabolic substrate, an essential ingredient in the tricarboxylic acid cycle, in the fatty acid metabolism and in the synthesis of some amino acids. CoA is synthesized from vitamin B5 (pantothenic acid) in a series of five enzymatic steps, the first of which is catalyzed by pantothenate kinase.
Four human isoforms of pantothenate kinase are now known, and defects in one of these, pantothenate kinase 2 (PANK2), causes a fatal, inherited neurodegenerative disease formerly known as Hallervorden -Spatz syndrome (HSS), but now referred to as pantothenate kinase-associated neurodegeneration (PKAN) (1) . This disorder typically presents in early childhood with disturbances in gait, dystonia, dysarthria and dysphagia (2) . A primary site of degeneration is the globus pallidus, in which cellular tissue is replaced by iron, culminating in a characteristic image called 'eye of the tiger' on T2-weighted magnetic resonance. Typically, the retina is also affected, leading to retinitis pigmentosa.
How might a defect in PANK2 give rise to such specific and consistent neuropathology? Some insight into this question was gained by the discovery that, of the four pantothenate kinases in mammals, PANK2 is probably uniquely targeted to the mitochondria (3, 4) , strongly suggesting a role for this paralog in energy metabolism. Possibly, tissues which require high energy utilization and which are exquisitely sensitive to oxygen deprivation, such as the globus pallidus, are particularly vulnerable to perturbations in pantothenatemetabolism. Disruptions in fatty acid and amino acid metabolisms are other likely consequences of PANK2 deficiency. A secondary question of how a defect in PANK2 results in iron dysregulation in the central nervous system also remains unanswered.
To assist in addressing these questions, we turned to the experimentally tractable mouse model. Here, we describe the generation and analysis of a homozygous mutant animal, Pank2, deficient in pantothenate kinase 2, the murine ortholog of human PANK2 (1) .
RESULTS

Generation of Pank2 mice
Using standard targeting techniques, we generated a null mutation in Pank2 by replacing the 3 0 half of exon 2 and part of the adjacent intron with an nlac/neo R cassette (Fig. 1A ). As the enzymatic activity of Pank2 is likely encoded by exons 2 -7 (1), this strategy promised to result in a complete disruption of pantothenate kinase function.
Following the development of knock-out ES cell lines, we generated animals from two of these (81 and 174), with indistinguishable phenotypic results. For both lines, homozygous mutant mice, ascertained by PCR genotyping (Fig. 1B) , were viable and were produced in the expected Mendelian ratio of 1: 2 : 1.
Two types of analyses confirmed that the Pank2 gene was inactivated in the resulting mice. First, by RT -PCR across exons 2 -4, no transcript corresponding to Pank2 was detected in a variety of tissues derived from the knock-out animals (Fig. 1C) . RT -PCR across translation-initiating exon 1C and the b-galactosidase gene detected transcript in various Pank2 (2/2) tissues, but not in wild-type (þ/þ) organs (data not shown), further confirming the correct targeting. Second, western analysis with an antibody directed against a sequence encoded uniquely by the first Pank2 exon, verified the absence of the expected 50 kDa Pank2 protein in testes from the mutant mice (Fig. 1D ).
Growth and viability
Because human patients with PKAN develop difficulty in eating and swallowing (dysphagia), we monitored the mice for feeding difficulties and for growth. A reduction in the size of Pank2 knock-out mice of both sexes was readily apparent, with weekly body-weight measurements indicating differences from 3 weeks of age until 56 weeks of age (Fig. 2) . Weight in the mutant animals was roughly 80% that of their wild-type and heterozygous counterparts (heterozygotes not shown). Although body length was not routinely measured, the mutant mice were also obviously shorter (Fig. 2, inset) .
However, by video monitoring, we saw no difficulties with either food access or eating behavior. In addition, we found no reduction in the daily food intake (roughly assessed by weighing food) between wild-type and mutant animals, which were housed separately. Thus, we conclude that retardation in growth is not due to dysphagia in the mice or to an inability of mice to compete for food, but more likely due to a metabolic difference in these mice brought on by inactivation of Pank2.
Fertility
Fertility problems became apparent upon attempting to breed homozygous Pank2 animals. Female knock-out mice, mated with wild-type males, produced viable offspring but much fewer in number when compared with wild-type or heterozygote females, probably reflecting an in utero effect of maternal Pank2 deficiency. In contrast, the reciprocal cross of Pank2 males with wild-type females resulted in no viable offspring or no visible pregnancies, despite the presence of coital plugs. These findings suggested male infertility in the mutant animals.
Measurements of testis weight and epididymal sperm content confirmed a defect in spermatogenesis of Pank2 males. Although testis weight was comparable in the sexually immature mice at 2 weeks of age, at 6 weeks, an age at which mice typically reach reproductive maturity, Pank2 males had smaller testes (Fig. 3A) and lacked sperm in the epididymis. The weight discrepancy, greater than that could be accounted for by overall body-weight difference, as well as the azoospermia continued when followed through 1 year of life. Azoospermia was not a result of hormone insufficiency; testosterone, luteinizing hormone and follicle-stimulating hormone were comparable to wild-type (data not shown).
Histological analyses revealed a complete absence of elongated spermatids in the seminiferous tubules of Pank2 mice. For example, as shown in Figure 3B , at 40Â magnification, mature elongated spermatozoa are seen in the lumen of 
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Human Molecular Genetics, 2005, Vol. 14, No. 1 wild-type animals, but are completely absent in the Pank2 mutant. At 100Â, only round spermatids are present near the lumenal border of the mutant tubule. These fail to elongate, and instead, appear to accumulate vacuoles. When compared with normal spermatogenesis, in which maturation into haploid spermatids occurs in a synchronous and spatially orderly process, the spermatocytes and spermatids are somewhat disordered in the Pank2 testes tubule. This finding could be secondary to the arrest at the round spermatid stage, as has been reported in other mutants (5) .
Neurological assessment
The Pank2 animals were continually monitored for evidence of basal ganglia degeneration and iron accumulation, as these are hallmarks of the human disease. Mutant animals up to and including 1 year of age showed no evidence for iron accumulation by MRI or by Perls-DAB staining (see Materials and Methods; data not shown). Tests for neurological impairment, including gait and grip (6) , showed no differences between wild-type and Pank2 homozygous mice tested weekly until 16 months of age.
Retinal examination
Pank2 mutant animals were found to have progressive retinal impairment by three measures: electrorectinography (ERG), pupillary response and histochemistry. First, the ERG data reflect progressive decline in photoreceptor function in Pank2 mice when compared with their wild-type littermates. Figure 4A shows a series of representative scotopic (dark-adapted) and photopic (light-adapted) waveforms recorded from wild-type and mutant mice at two ages (P84 and P411), and Figure 4B summarizes the ERG amplitude data for all animals tested at P84, P285 and P362 -P430 (data for the later ages collapsed into a single time point for average age of P385). One-way analysis of variance (ANOVA) was significant (P , 0.0001 for scotopic a-and b-waves, and P , 0.002 for photopic b-waves) with the decline with age in the mutant accounting for the difference (Bonferroni post-test analysis, P84 versus P385 P , 0.05 for a-waves and P , 0.01 for scotopic and photopic b-waves). In contrast, no significant differences were noted in amplitudes with age for the wild-type (P . 0.05 for all three). Although the scotopic a-and b-wave responses were similar at P84, at 1 year, the amplitudes were reduced by 25 and 16%, respectively, when compared with those of wild-type. ERGs from heterozygote animals were comparable to wildtype (data not shown).
Second, the pupillary light response, which can serve as an additional indication of photoreceptor degeneration/dysfunction (7), was also diminished in the mutant. A summary of pupil responses of the Pank2 mice compared with those of the wild-type littermates at P365 is presented in Figure 4C . Constriction in the mutant animals was both slower and less complete in response to light than that in the wild-type littermates. This result is consistent with the progressive photoreceptor dysfunction demonstrated in ERG recordings among older Pank2 mice.
Third, histological analysis revealed gross abnormalities in the retinal layers corresponding to the rods and cones in Pank2 animals over 1 year of age, consistent with the ERG and pupillary findings. As shown by the sections in Figure 4D , taken at P411, the rod outer segment (OS) and inner segment (IS) in the mutant animal are thinner than those of the wild-type, and the OS is laden with vacuoles. The outer nuclear layer (ONL) layer, which houses the cellbodies for the rods and cones, has fewer cells than in the age-matched wild-type. The remaining layers, the outer plexiform layer (OPL), inner nuclear layer INL, inner plexiform layer (IPL) and ganglion cell layer (GCL) are indistinguishable from wild-type. Figure 4E summarizes the retinal thickness data for animals P363 and older. At P84, no differences in retinal structure between Pank2 and wild-type mice were apparent (data not shown).
Immunolocalization of Pank2 in testes and retina
Immunohistochemical analysis of normal mouse testis and retina with an anti-Pank2 antibody revealed a pattern consistent with localization of Pank2 to the mitochondria, as predicted by previous studies (3, 4) .
As shown in Figure 5A , staining in the tubule of a wild-type testis reveals discrete intense localization to the elongated spermatids, most likely corresponding to densely fused mitochondria in the mitochondrial mid-piece of the mature spermatozoan.
In the retina (Fig. 5B) , Pank2 is found in many layers, including the outer plexiform layer (OPL), inner nuclear layer (INL) and inner plexiform layer (IPL), but the most intense staining is observed within the photoreceptor itself, at the inner segment (IS), the seat of mitochondria and Golgi apparatus. Immunofluorescence with anti-Pank2 antibody and with an antibody against a mitochondria-specific antibody (anti-OxPhos Complex V) showed co-localization, further supporting targeting of Pank2 to this organelle (data not shown). In contrast, another member of the pantothenate kinase family, Pank1A, is dispersed throughout the photoreceptor, including the outer and inner segments and the outer nuclear layer (Fig. 5C ), thus controlling for the specificity of Pank2 localization. Human
Thus, for these two tissues, it is noteworthy that the cell types harboring the most intense staining of Pank2 are precisely those that are most affected in the mutant animals.
DISCUSSION
We describe a mouse lacking pantothenate kinase 2, the enzyme deficient in the severe, neurodegenerative human disease PKAN (formerly HSS). We demonstrate that a defect in Pank2 causes growth retardation, azoospermia and retinal degeneration. As Pank2 is targeted to the mitochondria, these phenotypes likely reflect a defect in utilization of vitamin B5 in this organelle.
The most striking finding in the mutant animals was azoospermia. Infertility in human males with PKAN has not been previously described, or to our knowledge even considered, as most individuals with PKAN are so severely impaired that they die before adulthood. Conversely, patients with atypical disease, characterized by late-onset development of symptoms, are not found to have null mutations of the PANK2 gene (8) . Although we are unaware of any adult male patients with offspring, we have confirmed that at least one adult male, who is a compound heterozygote for two missense mutations in the PANK2 gene, produces viable sperm.
In contrast, male sterility had been noted in the fumble fly, a Drosophila hypomorphic mutant of pantothenate kinase (9) . Indeed, the fumble mutant was identified initially in a screen for male sterility by P-element mutagenesis (10) and was later found to be defective in spermatogenesis. In drawing comparisons between these two model animals, however, two differences between the fly and mammalian pantothenate kinases should be appreciated. First, in the human and mouse, different isoforms of pantothenate kinase, likely targeted to different subcellular compartments, are encoded by four different genes (1), whereas in Drosophilia, a single pantothenate kinase core gene encodes three different isoforms, differing only by their N-terminal, and is thus responsible for all pantothenate kinase activity within the cell. Second, although a null mutation in the murine Pank2 gene is the subject of the present study, the Drosophila mutant is hypomorphic. Thus, unlike the murine model, in which the pantothenate kinase defect is likely to be mitochondria-specific, the fumble fly is presumably partially deficient in pantothenate kinase activity in all subcellular compartments. 
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Human Molecular Genetics, 2005, Vol. 14, No. 1 The sterility defect in the Pank2 mouse appears to lie in the inability of the round spermatid to elongate and mature into the spermatozoan. This arrest in spermiogenesis (at approximately step 5) is a feature in several other murine knock-out mutants, including the CREM-deficient mutant (11, 12) and the miwi mutant (15) . CREM has been shown to be a master regulator of genes involved in spermiogenesis, and MIWI appears to effect reduced expression of CREM target genes by direct mRNA interaction. Whether or how Pank2 plays into this master regulation of spermiogenesis remains to be examined.
A simpler explanation for the arrest could lie in the inability of the mutant cells to support the metabolic needs for spermiogenesis, which involves extensive remodeling. Metabolic demand is also a feature of the photoreceptor in the renewal of the rod outer segment. As the concentration of Pank2 by immunohistochemistry is highest in the two cell types for which abnormalities are found, namely spermatids and photoreceptors, it is tempting to ascribe a cell-autologous defect in Pank2 deficiency. However, it is worth considering that the photoreceptor and spermatid share another common feature, namely use of support cells in the form of the retinal pigment epithelium (RPE) and Sertoli cells, which are responsible for the metabolism of shed disks from the photoreceptor and extruded cytoplasm from maturing sperm, respectively. This hypothesis has precedent in the ClC-2 mouse mutant, in which degeneration of male germ cells and photoreceptors is secondary to a defect in the Sertoli cells and the RPE (13) , and in the Mer knockout mouse (14) , in which a phagocytic defect in the RPE leads to retinal dystrophy, and which, when combined with knock-outs in related proteins Tyro 3 and Axl, results in azoospermia secondary to a Sertoli cell defect (15) . Although the RPE and Sertoli cells appear normal by light microscopy and histochemistry in the Pank2 mutant, this hypothesis can be assessed by cell-specific transgenic expression and/or cell transplantation studies (16) .
An additional argument for this hypothesis is our finding of vacuoles in the OS of the Pank2 mutant retina. Of the 
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Human Molecular Genetics, 2005, Vol. 14, No. 1 numerous inherited retinal degenerations described in rodents, such vacuoles are an uncommon feature. Notably, they have been reported in the murine mutants Mer (and its counterpart, the RCS rat) and IRBP (17), whose primary defects lie in the RPE and in the interphotoreceptor matrix, respectively. Thus, a deficiency in Pank2 not only provides an opportunity to study retinal degeneration resulting from perturbations in CoA metabolism, but also sheds further light on the interplay between photoreceptor OS and the RPE. Although the retinal degeneration in the Pank2 mice provides a model for studying retinitis pigmentosa in PKAN patients, the mutant failed to exhibit the movement disorder and pathology of the globus pallidus characteristic of the disease, even when followed over 16 months of age and when backcrossed seven generations into a C57/BL6J background. Recently, we embarked on several strategies to provoke a neurological phenotype in the mutant animals by taking advantage of predicted vulnerabilities in the mutant. Our preliminary investigation suggests that deprivation of vitamin-B5 in the diet can elicit gait problems in the mutant animal compared to the wild-type; however, significant morbidity in animals of both genotypes was observed. A more extensive and refined analysis of the long-term consequences of B5 deficiency in the mutant and wild-type is on-going.
MATERIALS AND METHODS
Isolation of the murine Pank2 gene
We obtained and sequenced a murine expressed sequence tag orthologous to human PANK2 from Research Genetics. The 3 0 UTR unique to Pank2 was used as a probe for isolation of full-length genomic clones from a 129/SvJ mouse genomic library (Stratagene). Several genomic clones that span exons 2 -5 of the mouse Pank2 gene were recovered, mapped and sequenced.
Targeted deletion of Pank2
A targeting vector was constructed to mediate replacement of a 2332 nt Bam H1-Kpn1 fragment, encoding half of exon 2 and part of intron 2, with a cassette containing nuclear lacZ (nlacZ ) and a neomycin-resistance gene (neo R) driven by the pol II promoter (18) , as shown in Figure 1A . Following sequence confirmation, the targeting construct was linearized and electroporated into JM1 129/SvJ embryonic stem (ES) cells. Correctly targeted ES cell colonies were identified by PCR using two pairs of primers (Fig. 1A) . For further confirmation, DNAs from targeted ES cells were analyzed by Southern blot.
Two correctly targeted ES cell lines, 81 and 174, were used to produce chimeras. The F1 heterozygotes were generated by breeding the chimeras with C57BL/6 female mice (Jackson Laboratories), and germline transmission was established.
Confirmation of null animals by genotyping: RT -PCR and western analysis
Genotypes were assessed routinely by PCR amplification of genomic DNA prepared from mouse tails using pairs of Pank2 primers and a primer specific for neomycin w , yielding 446 and 344 bp products for the wild-type and mutant alleles, respectively (Fig. 1B) .
RNA was isolated from mouse brain and testis stored in RNAlater solution using the Totally RNA kit (Ambion). Pank2 mRNA was amplified by sequential RT -PCR from 1 mg total RNA with the Omniscript kit and PCR kit according to manufacturer's instructions (Qiagen).
For western analysis, a polyclonal rabbit anti-mouse Pank2 antibody was raised against a 14-mer peptide (SGEAESVR-RERPGS) in exon 1C (1) and was affinity purified with the peptide. Protein from mouse brain and testes was isolated, resolved on SDS -PAGE gels, and probed with anti-Pank2 antibodies (19) .
Testis dissection and fertility testing
Testes were dissected free from fat tissue and epididymis, and were weighed. Sperm content was examined from a single epididymis as described by Lu and Bishop (20) . For fertility testing, a Pank2 mutant male was caged with two mature wild-type females. Conversely, Pank2 mutant females were caged with a mature wild-type male. Copulation was checked by the presence of the coital plug.
Histological analyses
Testes were fixed in Bouins solution (Sigma) overnight at room temperature, dehydrated, embedded in paraffin and cut (5 mm thickness) as previously described (21) . Sections were either stained with Gill's H&E (Vector Laboratories) or immunostained (discussed subsequently).
Eyes were prepared as previously described (14) . Sections (1 mm thickness) of the entire retina were cut and stained with toluidine blue as previously described (22, 23) . Tissue sections were chosen where the rod OS and Müller cell processes crossing the inner plexiform layer were continuous in the plane of section, or nearly so, to ensure that the sections were not oblique (14) . The ONL, OS and IS lengths were measured using bioquantification software with a digitizing tablet and camera lucida.
Behavioral tests
A series of behavioral tests were performed as described by Crawley (12) . Briefly, for preliminary assessment of general motor activity, animals were tested in an open field (5 min test sessions) and video-taped to evaluate any gross abnormalities in locomotion. The tail suspension test was performed by suspending the mouse by the tail and observing for passivity, trunk curl, limb grasping, visual placing and grip strength. The vertical pole test was used for measuring motor coordination and balance. Mice walking on level and inclined metal screens were observed for missteps, defined as placing any paw between the grids. The hanging wire test was used to evaluate muscle strength of front-and hind-paws. A mouse requires balance and grip strength to suspend its body from the wire. The length of time that the mouse held onto the wire was recorded. Ataxia and gait abnormalities were tested from the foot print pattern of the mouse.
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Electroretinographic analysis
Full-field ERGs were recorded from homozygous Pank2 and wild-type littermates as described previously (24, 25) . Briefly, for scotopic responses, mice were dark-adapted overnight and anesthetized with ketamine (87 mg/kg) plus xylazine (13 mg/kg). Pupils were dilated with 2.5% phenylephrine and 1% atropine in dim red-light and mice were kept on a warming blanket. Contact lens electrodes for mice were placed on the corneal surfaces bilaterally with 1% methylcellulose, and silver wire reference and ground electrodes were placed subcutaneously in the nose and tail, respectively. Using a UTAS-E 3000 Visual Diagnostic System (LKC Technologies, Gaithersburg, MD, USA) and beginning below ERG threshold, stimuli were presented in order of increasing luminance from 24.6 to þ0.4 log cd s/m 2 . In addition, scotopic a-waves were measured in response to a bright flash of þ2.4 log cd s/m 2 at a 2-fold higher sampling rate to more accurately measure the amplitude. Three to 15 responses at each intensity were computer averaged. Interstimulus intervals ranged from 5 s at the lowest intensities to 120 s at the highest intensities. The amplitude of the a-and b-waves were measured.
Mice were then exposed to a background light of 30 cd m 22 for 10 min before recording photopic responses to stimuli presented at a rate of 2 Hz (for measurement of b-waves) and at 0.4 log cd s/m 2 . Because photopic a-waves are negligible in mice (26) , only the amplitude of the photopic b-waves was measured.
Pupil response measurement
Pupillary responses were measured from pigmented Pank2 knock-out and wild-type littermate mice. Mice were darkadapted for 90 min. Under dim red-illumination, unanesthetized mice were restrained in front of an infrared videocamera attached to a Hitachi Infrared CCD Camera using a rodent restraining device. A halogen microscope illuminator with a fiber optic bundle was used with a Kodak Wratten 47B filter placed in the light path to deliver a 470 nm stimulus to the contralateral eye and pupillary constriction was monitored under infrared light. The pupillary diameter was measured and used to calculate pupil area.
Immunohistochemistry
For immunostaining of the retina, enucleated eyes were fixed in 4% paraformaldehyde in PBS fixative for 2 h, transferred to 30% sucrose, flash frozen and sectioned (10 mm). Retinal and testis (described earlier) sections were immunostained with antibodies using standard procedures (27) . Polyclonal antimouse Pank1A antibody was raised against a 14-mer peptide (PSELQPQPLFAQHD) in the first exon and was affinity purified with the peptide. Anti-OxPhos Complex V subunit b (Molecular Probes) was used as a mitochondrial marker. Testes paraffin sections were de-waxed, re-hydrated, steamed for 30 min in 1 mM ethylenediaminetetraacetic acid followed by treatment with 5% hydrogen peroxide prior to staining. For adsorbed anti-Pank2, serum was pre-adsorbed with 10 25 M peptide, the same peptide against which the antibody was raised, for 48 h at 48C. Staining was enhanced with ABC Elite Vector Stain Substrate Kit (Vector Laboratories) and visualized with 3,3 0 -diaminobenzidine (DAB substrate kit; Vector Laboratories). Sections were examined using a Nikon E800 microscope, and images were captured using a Spot II digital camera.
Statistical analysis
One-way ANOVA with Bonferroni's multiple comparison post-test was performed using Prism version 4.0a for Macintosh OS X (GraphPad Software, San Diego, CA, USA).
